Introduction {#Sec1}
============

In the biomedical field, a trend has emerged from laboratory based machinery towards handheld point-of-care devices to be used by a practitioner. These devices greatly reduce time, sample volumes and costs because they can combine many complicated tasks like mixing, separation, transportation and detection in a small package (Manz et al. [@CR11]). Current methods for biological separation are often based on superparamagnetic beads for their bio-orthogonal nature and the range of possibilities to manipulate them (Jaephil and Chong [@CR3]; Derks et al. [@CR2]; Aytur et al. [@CR1]; Gundersen et al. [@CR7]; Gehring et al. [@CR5]). In these methods, beads are coated with a specific antibody in order to capture a targeted species. These functionalized beads are immobilized on a channel wall by applying a magnetic field. When the sample fluid is injected in the channel, the target species will diffuse and attach to the beads thereby separating the target from the fluid (Ramadan et al. [@CR14]), see Fig. [1](#Fig1){ref-type="fig"}(a). However, at very low concentrations of pmol/l or lower, the distance a target species has to travel becomes very large, in the μm to mm range (Manz et al. [@CR11]). Therefore only low flow-rates can be used. Also, target species in the center of the channel have a lower capture probability than species close to the wall due to the laminar flow-profile that has no flow-orthogonal velocity component. The species can only travel orthogonally to the flow by means of diffusion. Furthermore, the flow-parallel velocity is the highest in the center of the channel which reduces the maximum flow-rate even more. Fig. 1The target species in the sample fluid have to attach to a bead to be separated from the fluid. In case (**a**) the beads are immobilized on the channel wall and target species that flow by have to diffuse towards the wall to reach a bead. When the bead is actively moved across the channel (**b**), the target species do not have to diffuse since the beads cover the whole channel cross section

Since point-of-care devices need to give a result within minutes, a new concept is proposed in which beads are made to scan the fluid. Scanning of the fluid can be obtained by forcing the beads in an oscillating motion orthogonal to the flow, see Fig. [1](#Fig1){ref-type="fig"}(b). This way, long diffusion lengths no longer play a role and also the radial position of a target species within the channel will not influence the chance of it reaching a bead.

Theory and design {#Sec2}
=================

According to Derks et al. ([@CR2]), in magnetic bead motion within a fluid, the magnetic and drag forces dominate the bead motion, since at the micrometer scale, effects of gravity and inertia become very small. Therefore a bead will almost instantaneously accelerate to its terminal velocity at which the magnetic and drag force are exactly at balance with each other. It will be assumed that the beads do not saturate. This is true for beads with an effective susceptibility of *χ*~b,eff~ = 1.52 and saturation magnetization of *M*~s~ = 336 kA/m in a field with flux density *B* = 0.1 T (Fonnum et al. [@CR4]). The magnetic force on a single bead $\documentclass[12pt]{minimal}
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                \begin{document}$\textbf{F}_{\rm mag}$\end{document}$ can then be described by (Derks et al. [@CR2]): $$\documentclass[12pt]{minimal}
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                \begin{document}$$ \textbf{F}_{\rm mag} = \frac{V_{\rm b} \cdot \chi _{\rm b,ef\/f}}{2 \cdot \upmu _0}{\boldsymbol\nabla}B^2 $$\end{document}$$Here *V*~b~ and *χ*~b,eff~ respectively are the volume and effective magnetic susceptibility of the bead, *μ*~0~ is the permeability of vacuum and *B* is the magnetic flux density in the absence of the bead. When single bead motion in a laminar flow is assumed, the drag force on a bead $\documentclass[12pt]{minimal}
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                \begin{document}$\textbf{F}_{\rm drag}$\end{document}$ is given by (Derks et al. [@CR2]): $$\documentclass[12pt]{minimal}
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                \begin{document}$$ \textbf{F}_{\rm drag} = -6 \cdot \pi \cdot \eta_{\rm f} \cdot r_{\rm b} \cdot \textbf{v}_{\rm b} $$\end{document}$$Here *η*~f~ is the dynamic viscosity of the carrier fluid and *r*~b~ and $\documentclass[12pt]{minimal}
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                \begin{document}$\textbf{v}_{\rm b}$\end{document}$ are the bead radius and velocity relative to the fluid. As follows from Eq. [1](#Equ1){ref-type=""} the magnetic force on a bead is proportional to the squared field gradient $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\boldsymbol\nabla B^2$\end{document}$ and points in the same direction. In a two-pole system this means the superparamagnetic beads will move towards both the north and south poles. Bead oscillation can then be obtained by switching the magnetic field on and off. When it is turned on the beads move towards both poles, when it is turned off the fluid flow will drag the beads away from the magnetic poles (Lund-Olesen et al. [@CR10]). This, however, results in oscillation in the channel direction and it will pull the beads towards the channel walls instead of keeping the beads in the center of the channel. Therefore many target species can pass by in the center of the channel undetected just like the static case as depicted in Fig. [1](#Fig1){ref-type="fig"}(a).

Our solution to get bead oscillation orthogonal to the channel axis was to use a quadrupole magnet. Moser et al. ([@CR12]) have shown such a concept making use of removable permanent magnets and two soft magnetic tips connected to an external coil. Our method uses a four coil quadrupole system around a channel. As can be seen in Fig. [2](#Fig2){ref-type="fig"}, of the four magnetic poles only two poles are active at the same time. Beads are attracted to the nearest active pole. When the field is switched and the two other poles are activated, the beads will be attracted to one of those poles. When the channel is sufficiently narrow, the nearest active pole for a bead will be on the other side of the channel. By continued switching, flow-orthogonal bead oscillation is then realized. Fig. 2The oscillating motion is obtained by quadrupolar actuation: beads move towards the active poles that are colored *red* and *white*, inactive poles are *grey*. When comparing the two states (**a**) and (**b**), the beads are attracted in the opposite direction with respect to the channel axis

For a functional bio-separator, this concept has to be parallelized to allow for high volume throughputs. This was done by multiplexing the concept with a square array of soft-magnetic structures covering multiple parallel channels. These magnetic structures function as flux-guides to the externally applied field. The flux density is concentrated in the flux-guides due to their high permeability and mutual alignment. Because the flux-guides consist of elongated objects that form the cross-shapes, they show shape-anisotropic behavior; only the two tips aligned with the externally applied field can effectively magnetize. This gives an array of small local quadrupoles that show the same magnetization as the macro-scale quadrupole with controllable coils.

The quadrupole magnet and the flux-guides were simulated in 2D with the magnetostatics module in Comsol 3.5 as can be seen in Fig. [3](#Fig3){ref-type="fig"}. By prescribing the current through the individual coils, the magnetic field could be computed inside the quadrupole airgap where the flux-guide array and channels were positioned. The external quadrupole yoke (not visible in figure) measured 4×4 cm and the four coils were given an absolute current density of 10^6^ A/m^2^, the yoke and flux-guides had a relative permeability of 10^3^ and 10^2^ respectively. Magnetic insulation was prescribed on the external boundaries that were placed far away at ∼15 cm to minimize their influence on the solution. The flux-density at the channel positions between the array was around *B* ≈ 0.1 T and its gradient $\documentclass[12pt]{minimal}
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                \begin{document}$\boldsymbol\nabla B^2 \approx 1$\end{document}$ T^2^/m. Through Eq. [1](#Equ1){ref-type=""} the magnetic force on the bead was known for each location in the channel. By adding the fluid dynamics module, the drag forces and therefore the beads motion could be computed. A steady-state incompressible Navier-Stokes flow was assumed with viscosity $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$\eta_{\rm f} = 10^{-3}$\end{document}$ Pa·s and density $\documentclass[12pt]{minimal}
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                \begin{document}$\rho_{\rm f} = 10^3$\end{document}$ kg/m^3^. Walls were modeled with a no-slip boundary condition. Both modules were coupled and parameterized through a Matlab interface. The solution was computed as a function of time using time steps of 10^ − 2^ s. Fig. 3(**a**) 2D simulation of the flux density in an array of 61 flux-guides (*crosses*), the external quadrupole tips can be seen on the four corners, the coils are not visible in the image. The tips of the flux-guides that are aligned to the applied field *B* show a much higher magnetization which locally creates a high gradient. (**b**) Zoom-in of the flux-guide tips, *arrows* show the magnetic force on a bead inside a channel as a function of the position

The rotation of the field was obtained by a cyclic function for each coil with a mutual phase difference of 90°. For the control signal a function that combined a sine-wave and a constant value was used. For this function a current control ratio *r*~c~ was defined as the ratio between time at maximum current and the transition time between two maxima. Figure [4](#Fig4){ref-type="fig"} shows three different cases, it can be seen that for large *r*~c~ the signal approached a step-function and for small *r*~c~ it approached a sine-wave. This way the field direction could be switched more abruptly or it could rotate more smoothly. Fig. 4Normalized control signals for each of the quadrupole coils showing the current as a function of time for different current control ratios

The bead trajectories were taken from the simulations, see Fig. [5](#Fig5){ref-type="fig"} (a movie clip of the simulation can be found in the [Supplementary material](#AppESM1){ref-type="sec"}) and it was found that an increased current ratio results in a narrower trajectory where the bead reaches the other wall faster. This is advantages because it allows for a higher field rotation rate or a higher fluid velocity in the channel and thus in a higher separation rate. The effect is caused by the transition during which the field strength is lower. Therefore the transition time should be minimized. For a bead with a diameter of 22.7 $\documentclass[12pt]{minimal}
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                \begin{document}$\upmu$\end{document}$m and *χ*~b,eff~ = 0.06 (as was used later in the experiments) velocities up to 500 $\documentclass[12pt]{minimal}
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                \begin{document}$\upmu$\end{document}$m/s were obtained in the simulations. Fig. 5Resulting bead trajectories for simulations using different control ratios. The *bead* is drawn at its starting position as a circle. The *dots* represent the position of the bead at time intervals of 0.01 s. When a bead reaches steady-state, the subsequent cycles overlap

Fabrication {#Sec3}
===========

For validation of the simulations, a prototype chip was fabricated using polycarbonate (PC) sheets (SABIC LEXAN film). The entire fabrication scheme is shown in Fig. [6](#Fig6){ref-type="fig"}. After applying a 25 μm thick solid state adhesive (3M laminating adhesive 8141) to the 125 μm thick substrate, channels and cavities for the flux-guides were ablated into the substrate and adhesive layer with an excimer laser system (Optec Micromaster, KrF, 248 nm). A lid was used to enclose the channels but it also functioned as the electrode in the electroforming process. Therefore 10 nm of chrome for improved adhesion and then 20nm of gold were sputter-coated on a 125 μm polycarbonate sheet and then patterned by ablation. Ablation debris was removed together with the release liner from the adhesive after which the lid was bonded to the substrate by hand under a stereomicroscope. Next the nickel flux-guides were grown in the cavities at the channel height by electroforming using a commercial nickel plating kit from Barvic. Finally the tubing was connected to the chip with a 2-component adhesive and a 2 mm thick polycarbonate interconnect. The completed chip had channels with a cross section of 75 × 75 μm that were placed 0.75 mm apart. A picture of the completed chip can be found in Fig. [7](#Fig7){ref-type="fig"}. Fig. 6The subsequent fabrication steps for the prototype chip (not to scale)Fig. 7(**a**) Photograph of the completed prototype chip in between the four tips of the quadrupole setup. (**b**) Top view of the flux-guide array and the four parallel channels with their inlet and outlet

Experiments and results {#Sec4}
=======================

To confirm the magnetic properties of the electroformed nickel, hysteresis curves of different samples were measured with a vibrating sample magnetometer (VSM). For conformity the samples had the same shape and size as the flux-guides in the prototype chip. Measurements were done on both single flux-guides and on an array of flux-guides. For an optimal flux-guide, the saturation magnetization should be high to allow for a high flux density. The hysteresis should be low so that the direction of magnetization in the flux-guides can easily be changed. The measured values corresponded well with these demands, the saturation magnetization was 430--493 kA/m and the coercive flux density was 5.5--7.2 mT.

The actual bead oscillation experiments were carried out by placing the prototype chip inside the quadrupole magnet, see Fig. [7](#Fig7){ref-type="fig"}. This quadrupole was the same as used in earlier experiments (Petousis et al. [@CR13]) and consisted of a circular soft magnetic yoke with four tips pointing to its center and four coils between each of these tips. The chip was located in the center air gap measuring 7 × 7 mm.

The field induced by the quadrupole magnet was controlled by prescribing the individual currents through the four coils. This was done with a current controller that was interfaced with a pc with Matlab. The injection of the fluid into the chip was driven by a syringe pump (ProSense NE-1010). The chip was monitored using an optical microscope equipped with a digital camera. Two types of superparamagnetic particles were used: Dynabeads M-280 with a 2.8 $\documentclass[12pt]{minimal}
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                \begin{document}$\upmu$\end{document}$m diameter. Figure [8](#Fig8){ref-type="fig"} shows an experiment on a single 22.7 $\documentclass[12pt]{minimal}
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                \begin{document}$\upmu$\end{document}$m bead. A real-time movie can be found in the [Supplementary material](#AppESM1){ref-type="sec"}. From the subsequent frames the position of the bead was taken to reconstruct the pathway of the bead as a function of time, see Fig. [9](#Fig9){ref-type="fig"}. It was found that the shape of the trajectory depended on the ratio *r*~c~. The more smoothly the field was rotated, the wider the trajectory of the bead became, up to two times the channel diameter which compared well with the performed simulations. Fig. 8A 22.7 $\documentclass[12pt]{minimal}
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                \begin{document}$\upmu$\end{document}$m bead inside a 75 $\documentclass[12pt]{minimal}
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                \begin{document}$\upmu$\end{document}$m wide channelFig. 9Measured positions of a bead during 10 cycles measured at 0.2 s intervals. The field rotated at 0.7 Hz with a current ratio of *r*~c~ = 2

To find the maximum frequency at which the bead could still follow, the magnetic field rotation rate was gradually increased. The maximum frequency was 3 Hz at *r*~c~ = 2 which gave an average velocity of 450 μm/s. At higher frequencies, the bead would still oscillate at the prescribed frequency, but it would not reach both walls anymore. When comparing this to the simulations, it was found that in the experiment, the maximum frequency was a factor 3 higher. One reason was that the simulations were performed in 2D where the bead could not be modeled as a sphere. Instead the cross-section of the bead was taken. This resulted in the drag force being slightly higher than in the experiments.

Experiments on multiple 1 μm beads resulted in the formation of chains of approximately 25 μm long. These chains moved in trajectories very similar to the single bead case. The formation of chains will decrease the drag force as the frontal surface area per bead is decreased, this allows for higher bead velocities. These chains however, also rotated along with the prescribed field, similar as reported earlier (Petousis et al. [@CR13]). This rotation might enhance mixing of the fluid which could improve the capture efficiency in the case of a bio-separation.

Conclusion {#Sec5}
==========

We have shown a new concept for the oscillation of superparamagnetic beads orthogonal to the axis of a microfluidic channel. This concept can easily be multiplexed for high throughput applications while electric or magnetic interconnects can be avoided. Our polycarbonate based fabrication combines both the fluidic and magnetic functionality within a single layer to maximize magnetic efficiency. A working prototype chip was successfully manufactured and experiments corresponded well to simulations. Furthermore, control of the bead trajectory shape was possible. This allows for application as a bio-separator or fluidic mixer.

Future work will consist of in-flow experiments. Already some preliminary simulations inside a flow where performed which resulted in stable bead oscillation with fluid velocities up to 0.2 mm/s (an example can be found in the [Supplementary material](#AppESM1){ref-type="sec"}). After this has been validated experimentally, the concept can be tested using an immunoassay. A second possible functionality might be to use the oscillating beads as active mixer elements. Additionally, the manipulation concept should be characterized in more detail using different types of beads and geometries for the channels and flux-guides.
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